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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a uni-morph, bi- 
morph or other types of piezoelectric or electrostrio 
tive actuator which undergoes displacement in the 
form of bending, deflection or flexure and which can 
be used for ink jet print heads, microphones, sounding 
bodies (such as speakers), various transducers and 
other components or devices. The term "actuator" 
used herein is an element or member capable of 
transducing or converting an electric energy into a 
mechanical energy, i.e., a mechanical force, displace- 
ment or strain. 

Discussion of the Prior Art 

In recent years, an element whose displacement 
can be controlled has been widely used and increas- 
ingly demanded in the fields of optics and precision 
positioning or machining operations, for example, for 
adjusting or controlling an optical path length or the 
position of a member or component of a device, on the 
order effractions of a micron (urn). To meet this need, 
there have been developed various piezoelectric or 
electrostrictive actuators utilizing a piezoelectric or 
electrostrictive material such as a ferroelectric ma- 
terial, which exhibits the reverse or converse 
piezoelectric effect or the electrostrictive effect, in 
which such a piezoelectric or electrostrictive material 
produces a mechanical displacement upon appli- 
cation of a voltage or electric field thereto. 

For example, an ink jet print head uses a 
piezoelectric/electrostrictive actuator of a conven- 
tional uni-morph or bi-morph type, which is required to 
permit a high-quality high-speed printing operation. 
To this end, developments have been made to reduce 
the size and required drive voltage of the piezoelec- 
tric/electrostrictive actuator, and improve the operat- 
ing response of the actuator. 

A piezoelectric or electrostrictive element of such 
an actuator is carried by a substrate, which functions 
as an oscillator or transducer plate. For assuring suf- 
ficient amount and force of bending or flexural dis- 
placement of the substrate or plate, it is important to 
reduce the thickness of the substrate, on the one 
hand. On the other hand, however, the reduction in 
the substrate thickness undesirably results in a dec- 
rease in the mechanical strength of the substrate. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide a piezoelectric/electrostrictive actuator which 
undergoes a sufficient amount of displacement and 
generates a large force by application of a relatively 
low voltage, and which has improved strength and 



excellent operating response and reliability and is 
suitably used for ink jet print heads, microphones, 
sounding bodies (such as speakers), and other trans- 
ducers. 

5 The second object of the invention is to provide 

such a piezoelectric/electrostrictive actuator suitable 
for providing a highly integrated actuator assembly. 

According to the principle of the present inven- 
tion, there is provided a piezoelectric/electrostrictive 

10 actuator including a ceramic substrate and a 
piezoelectric/electrostrictive portion, wherein the 
ceramic substrate has at least one recess having a 
bottom surface which defines a thin-walled portion, 
and the piezoelectric/electrostrictive portion is formed 

15 on the thin-walled portion of the ceramic substrate. 

According to another aspect of the present inven- 
tion, there is provided a method of producing a 
piezoelectric/electrostrictive actuator including a 
ceramic substrate and a piezoelectric/electrostrictive 

20 portion, the method comprising the steps of: super- 
posing on each other a first and a second green sheet 
which give, by firing thereof, a first layer and a second 
layer of the ceramic substrate, the first green sheet 
having at least one opening formed through a thick- 

25 ness thereof; firing the first and second green sheets 
to thereby form the ceramic substrate such that the 
second layer cooperates with the at least one first 
layer to define at least one recess which has a bottom 
surface defining a thin-walled portion of the ceramic 

30 substrate; and forming the piezoelectric/electrostric- 
tive portion on the thin-walled portion of the ceramic 
substrate. 

In the present piezoelectric/electrostrictive 
actuator, the piezoelectric/electrostrictive portion 

35 which may consist of a plurality of laminated films (two 
electrode film and a piezoelectric/electrostrictive film 
interposed therebetween) is formed on the thin-walled 
portion of the ceramic substrate. Accordingly, the pre- 
sent actuator provides a relatively large amount of dis- 

40 placement with a relatively large magnitude of force 
generated, and has an improved operating response. 
Since the piezoelectric/electrostrictive portion may be 
easily formed in the form of electrode and piezoelec- 
tric/electrostrictive films or patterns on the ceramic 

45 substrate, any desired number of piezoelectric/elec- 
trostrictive units may be integrated on a single sub- 
strate to form a highly integrated piezoelectric/ elec- 
trostrictive actuator assembly. 

The ceramic substrate is formed by firing the first 

so and second green sheets which are superposed on 
each other such that the opening or openings formed 
in the first green sheet is/are closed at one surface of 
the first green sheet. The fired first and second green 
sheets give the respective first and second laminated 

55 layers of the substrate, in which at least one recess is 
formed corresponding to the opening or openings, 
thereby defining the thin-walled portion of the sub- 
strate on which the piezoelectric-electrostrictive por- 
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tion is formed. Thus, the only the portion of the 
ceramic substrate which is subject to the piezoelec- 
tric/electrostrictive displacement is thin-walled, to 
reduce the drive voltage for obtaining the desired 
amount of displacement with a high operating res- 
ponse, without lowering the mechanical strength of 
the substrate. Further, this arrangement is suitable for 
providing a small-sized integrated piezoelectric/eleo 
trostrictive actuator assembly wherein a desired num- 
ber of piezoelectric/electrostrictive portions are 
provided as piezoelectric/electrostrictive actuator 
units on a single ceramic substrate. In this case, the 
adjacent actuator units formed on the respective thin- 
walled portions of the ceramic substrate will not inter- 
fere with each other when these units are displaced 
with the thin-walled portions, since the adjacent thin- 
walled portions of the substrate are more or less 
spaced apart from each other by relatively thick-wal- 
led portions of the substrate. Accordingly, the thin- 
walled portions will not significantly reduce the overall 
mechanical strength of the substrate, even where the 
substrate is used for carrying a highly integrated 
assembly of piezoelectric/electrostrictive units. 

In particular, the openings are formed through 
only those portions of the first green sheet which cor- 
respond to the thin-walled portions of the substrate 
that function as oscillator or transducer plates to be 
displaced upon energization of the respective 
piezoelectric/electrostrictive portions or units. With 
the first and second green sheets fired into the integral 
laminar substrate, the openings provide respective 
recesses that define the respective thin-walled por- 
tions of the substrate. This arrangement is effective to 
assure an overall mechanical strength sufficient for 
supporting thereon multiple piezoelectric/electrostric- 
tive portions of a highly integrated actuator assembly, 
while assuring functionality of the piezoelectric/elec- 
trostrictive portions. In addition, the ceramic substrate 
obtained by firing the first and second green sheets 
(or green tapes) has a highly reliable laminar struc- 
ture, which consists of the first layer having the recess 
corresponding to the opening, and second layer which 
has the thin-walled portion corresponding to the 
recess. 

For permitting the present actuator to provide a 
large amount of displacement or generate a large 
magnitude of force with a relatively low voltage 
applied thereto, it is desirable that the piezoelec- 
tric/electrostrictive portion has a thickness not larger 
than 100>m, preferably not larger than 50|im, and the 
thin-walled portion of the substrate has a thickness 
not largerthan 50um, preferably not larger than 30Vm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and optional objects, features and 
advantages of the present invention will be better 
understood by reading the following detailed descrip- 



tion of presently preferred embodiments of the inven- 
tion, when considered in connection with the accom- 
panying drawings, in which: 

Fig. 1 is a bottom plan view of one example of a 
5 ceramic substrate used for a piezoelectric/elec- 

trostrictive actuator embodying the present inven- 
tion; 

Fig. 2 is a cross sectional view taken along line 2- 
2 of Fig. 1; 

10 Fig. 3 is a bottom plan view of another example 

of the ceramic substrate for the actuator of the 
invention; 

Fig. 4 is a cross sectional view taken along line 4- 
4 of Fig. 3; 

15 Fig. 5 is an exploded perspective view showing a 

first and a second green sheet for forming a 
further example of the ceramic substrate; 
Fig. 6 is a perspective view showing the ceramic 
substrate consisting of first and second layers for- 

20 med by firing of the green sheets of Fig. 5; 

Fig. 7 is a cross sectional view taken along line 7- 
7 of Fig. 6; 

Fig. 8 is a bottom plan view of a still further 
example of the ceramic substrate; 
25 Fig. 9 is an exploded cross sectional view taken 

along line 9-9 of Fig. 8, showing a first and a sec- 
ond greet sheet which are fired into respective 
first and second layers of the ceramic substrate of 
Fig. 8; 

30 Fig. 10 is a cross sectional view showing the 

ceramic substrate consisting of the two layers for- 
med by firing of the green sheets of Fig. 9; 
Fig. 11 is a fragmentary perspective view of one 
embodiment of the piezoelectric/electrostrictive 

35 actuator of the invention; 

Fig. 12 is a fragmentary perspective view show- 
ing another embodiment of the actuator of the 
invention; 

Fig. 13 is a fragmentary perspective view show- 
40 ing a further embodiment of the invention; 

Fig. 14 is a fragmentary perspective view show- 
ing a still further embodiment of the invention; 
Fig. 15 is a fragmentary perspective view show- 
ing a yet further embodiment of the invention; and 
45 Fig. 16 is a fragmentary perspective view show- 

ing another embodiment of the invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

50 

To further clarify the concept of the present inven- 
tion, presently preferred forms of the piezoelec- 
tric/electrostrictive actuator of the invention will be 
described by reference to the accompanying draw- 
55 ings, in which the same reference numerals are used 
to identify structurally or functionally identical or simi- 
lar components or elements. 

Referring first to Figs. 1 and 2, a ceramic sub- 
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strate 2 used for a piezoelectric/electrostrictive 
actuator of the invention consists of a first layer 4 and 
a second layer 8 which are integrally laminated on 
each other and cooperate to define a rectangular 
recess 6. These first and second layers 4, 8 are for- 
med by firing a first green sheet having an opening in 
the form of a rectangular aperture corresponding to 
the recess 6, and a second green sheet which is for- 
med on the first green sheet such that the second 
green sheet closes the opening at one of the opposite 
major surfaces thereof. The two superposed green 
sheets are co-fired into the integral ceramic substrate 
2. The recess 6 has a bottom surface which defines 
a thin-walled portion 8a of the substrate 2, which is 
surrounded by a thick-walled peripheral portion. 
Namely, the peripheral portion of the second layer 8 
is reinforced by the first layer 4. 

A ceramic substrate 1 0 shown in Figs. 3 and 4 has 
a first layer 12 which has a configuration different from 
that of the first layer 4 of the substrate 2 of Figs. 1 and 
2. That is, the first layer 12 is formed by firing a first 
green sheet which has an array of openings in the 
form of parallel rectangular apertures arranged in spa- 
ced-apart relation with each other. The openings are 
closed at one major surface of the layer 12, by the sec- 
ond layer 8 formed by firing a second green sheet. 
Thus, parallel recesses 14 corresponding to the open- 
ings are formed in the substrate 10. The recesses 14 
define respective thin-walled portions 8a of the sub- 
strate 10 on which respective piezoelectric/electros- 
trictive actuator units are formed. In other words, the 
thin-walled portions 8a define the bottom of each 
recess 14. 

Referring next to Figs. 5-7, a ceramic substrate 
16 has a U-shaped first layer 18 which is formed by 
firing a first green sheet. The first green sheet has an 
opening in the form of a rectangular cutout open side- 
ways at one of its four sides. The opening is closed 
by the second layer 8 which is formed by firing a sec- 
ond green sheet, whereby the substrate 16 consisting 
of the first and second layers 18, 8 has a rectangular 
recess 20 corresponding to the opening. In the pre- 
sence of the recess 20, the substrate 16 has the thin- 
walled portion 8a on which there is formed a 
piezoelectric/electrostrictive portion of an actuator. 
The thin-walled portion 8a is surrounded by the U- 
shaped reinforcing thick-walled peripheral portion, 
i.e., the first layer 18. In the present substrate 16, the 
recess 20 is open sideways parallel to the plane of the 
thin-walled portion 8a, as well as in the direction per- 
pendicular to the portion 8a, contrary to the recesses 
6, 14 of the substrates 2, 10 which are not open side- 
ways. 

A ceramic substrate 38 shown in Figs. 8-10 has 
a first layer 40 which cooperates with the first layer 8 
to define a rectangular recess 42 and thereby define 
the thin-walled portion 8a, on which is formed a 
piezoelectric/electrostrictive portion. Further, the first 



layer 40 has two stepped portions 44 on one of the 
opposite major surfaces remote from the first layer 8. 
These stepped portions 44 are formed adjacent to the 
longitudinally opposite ends of the recess 42, and are 
5 used for a passage for delivering an ink from an ink 
reservoir, when an ink jet nozzle of an ink jet print 
head is attached to the substrate 38. 

Thus, the ceramic substrates 2, 10, 16, 40 con- 
structed as described above are thin-walled only at 
10 their portions (8a) which are displaced together with 
a piezoelectric/electrostrictive portion of an actuator. 
Accordingly, the substrates have a sufficient overall 
mechanical strength, while at the same time assuring 
excellent functioning as a transducer, and can be suit- 
15 ably used for an integrated piezoelectric/electrostric- 
tive actuator assembly in which a large number of 
actuator units are formed on a single substrate. 
Further, the substrates have high heat resistance and 
operating reliability, since they are refractory laminar 
20 structures formed by firing ceramic green sheets. 

There are illustrated in Figs. 1 1-16 several embo- 
diments of the piezoelectric/electrostrictive actuator 
of the present invention, each of which uses a ceramic 
substrate having a laminar structure constructed as 
25 described above. 

Referring first to Fig. 11, the piezoelectric/elec- 
trostrictive actuator includes a ceramic substrate 22 
having a recess 24 whose bottom surface defines a 
thin-walled portion 22a. On one of the opposite sur- 
30 faces of the thin-walled portion 22a remove from the 
recess 24, there is formed a piezoelectric/electrostric- 
tive portion in the form of a laminar structure which 
consists of a first electrode film 26, a piezoelec- 
tric/electrostrictive film 28 and a second electrode film 
35 30, which are laminated in the order of description. 
The first and second electrode films 26, 30 have res- 
pective terminal portions 26a, 30a which extend from 
one end of the piezoelectric/electrostrictive film 28. In 
operation of the actuator, a voltage is applied between 
40 the first and second electrode films 26, 30 through the 
terminal portions 26a, 30a, whereby the piezoelec- 
tric/electrostrictive film 28 is exposed to an electric 
field, and the actuator generates a force or undergoes 
displacement in the form of a bending or deflection, in 
45 the direction perpendicular to the plane of the ceramic 
substrate 22, due to the transverse mode of converse 
piezoelectric effect or electrostrictive effect. 

Another form of the piezoelectric/electrostrictive 
actuator is shown in Fig. 12, wherein a pair of comb- 
so like electrode patterns 36a, 36b are formed on the 
thin-walled portion 22a of the ceramic substrate 22. 
Each electrode pattern 36a, 38a has a plurality of 
electrode strips 32 connected to each other by a con- 
necting portion 34. Each electrode strip 32 of one of 
55 the two patterns 36a, 36b is disposed between the 
adjacent electrode strips 32 of the other pattern 36b, 
36a, in spaced part relation with each other in the 
direction of extension of the connecting portions 34. 
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Namely, the electrode strips 32 of the electrode pat- 
tern 36a and the strips 32 of the other electrode pat- 
tern 36b are disposed alternately in the direction of 
extension of the connecting portions 34. A piezoelec- 
tric/el ectrostrictive pattern 37 is also formed on the 
thin-walled portion 22a, such that a space formed be- 
tween the two comb-like electrode patterns 36a, 36b 
is filled with a piezoelectric/electrostrictive material of 
the pattern 37, as shown in Fig. 12. Namely, the pat- 
tern 37 has piezoelectric/electrostrictive strips each of 
which is disposed between the adjacent electrode 
strips 32. Thus, the electrode strips 32 and the 
piezoelectric/electrostrictive strips are alternately dis- 
posed in contact with each other on the thin-walled 
portion 22a of the substrate 22. Upon application of an 
electric field to the piezoelectric/electrostrictive pat- 
tern 37, the thin-walled portion 22a is deflected or bent 
in the direction perpendicular to the plane of the sub- 
strate 22, due to the longitudinal mode of converse 
piezoelectric effect or electrostrictive effect. 

A piezoelectric/electrostrictive actuator shown in 
Fig. 13 is an example of a highly integrated piezoelec- 
tric/electrostrictive actuator, which has a piezoelec- 
tric/electrostrictive portion consisting of a multiplicity 
of piezoelectric/electrostrictive units formed on the 
ceramic substrate 22. Each of these units consists of 
the two electrode films 26, 30 and the piezoelec- 
tric/electrostrictive film 28 formed therebetween. Like 
the substrate 10 of Figs. 3 and 4 which has the spa- 
ced-apart parallel recesses 14, the ceramic substrate 
22 has arrays of parallel recesses which define res- 
pective thin-walled portions on which are formed the 
respective piezoelectric/electrostrictive units. 

In the piezoelectric/electrostrictive actuator of 
Fig. 14 according to a further embodiment of the 
invention, a piezoelectric/electrostrictive film 29 is for- 
med on one of the opposite surfaces of the thin-walled 
portion 22a of the ceramic substrate 22 which is 
remote from the recess 24. Within the film 29, there 
are embedded a plurality of parallel electrode strips 
32 similar to those of the electrode patterns 36a, 36b 
of Fig. 1 2, such that the electrode strips 32 are spaced 
apart from each other. With the electrode strips 32 
embedded in the film 29, a piezoelectric/electrostric- 
tive pattern 37 is formed such that the adjacent elec- 
trode strips 32 are spaced from each other by a 
piezoelectric/electrostrictive material of the pattern 
37. On the film 29, there are formed the first electrode 
film 26, piezoelectric/electrostrictive film 28 and sec- 
ond electrode film 30, which are similar to those of Fig. 
11. 

Referring to Fig. 15 showing a still further embo- 
diment of the invention, the ceramic substrate 22 has 
a circular thin-walled portion 22a on which there is for- 
med a circular piezoelectric/electrostrictive portion 
which consists of an electrode pattern 33 and a 
piezoelectric/electrostrictive pattern 39. The elec- 
trode pattern 33 consists of two spiral electrode strips 



defining two spiral spaces which are filled by the 
piezoelectric/electrostrictive material 39. 

A bi-morph type piezoelectric/electrostrictive 
actuator is illustrated in Fig. 16. This actuator has a 

5 piezoelectric/electrostrictive portion consisting of two 
piezoelectric/electrostrictive units, which are formed 
on the opposite surfaces of the thin-walled portion 22a 
of the substrate 22. Each piezoelectric/electrostrictive 
unit consists of the two electrode films 26, 30 and the 

10 piezoelectric/electrostrictive film 28 formed therebet- 
ween. 

The piezoelectric/electrostrictive actuators con- 
structed as described above are produced in the man- 
ner as described below. 

15 The ceramic substrate (22) for carrying the 

piezoelectric/electrostrictive portion may be formed of 
an electrically insulating or dielectric material which 
has a sufficiently high mechanical strength, and which 
may be heat-treated at a temperature of about 1400°C 

20 for integration with the piezoelectric/electrostrictive 
portion, preferably without using a bonding agent, as 
described below. The insulating or dielectric material 
may be an oxide or non-oxide ceramic composition, 
which preferably includes as a major component or 

25 components at least one of aluminum oxide, mag- 
nesium oxide, zirconium oxide, aluminum nitride and 
silicon nitride. These ceramic compositions enable 
the actuator to provide an increased amount of dis- 
placement and a better operating response, than 

30 other materials such as metal, glass and silicon. In 
particular, it is recommended to use a ceramic compo- 
sition which includes as the major component or com- 
ponents aluminum oxide and/or zirconium oxide, 
preferably, zirconium oxide which is stabilized by at 

35 least one compound selected from the group consist- 
ing of: yttrium oxide; ytterbium oxide; cerium oxide; 
calcium oxide; and magnesium oxide. The use of the 
stabilized zirconium oxide for the ceramic substrate 
provides the following advantages: i) The substrate 

40 formed of the stabilized zirconium oxide has high deg- 
rees of mechanical strength and toughness; ii) Ther- 
mal stresses produced during heat-treatment of the 
stabilized zirconium oxide for integration with a lami- 
nar piezoelectric/electrostrictive material are rela- 
ys tivety small; iii) The stabilized zirconium oxide 
undergoes a relatively small chemical reaction with 
the piezoelectric/electrostrictive material; and iv) The 
substrate formed with the recess according to the pre- 
sent invention is capable of easily undergoing a rela- 

50 tively large amount of displacement together with the 
piezoelectric/electrostrictive portion. It is preferable to 
partially stabilize the zirconium oxide by adding 1-30 
mole % of yttrium oxide or ytterbium oxide, 6-50 mole 
% of cerium oxide, or 5-40 mole % of calcium oxide 

55 or magnesium oxide. It is particularly recommended 
to use yttrium oxide in an amount of 1.5-6 mole %, 
desirably 2-5 mole %. The crystal phase of the zir- 
conium oxide partially stabilized by the yttrium oxide 
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assures particularly excellent properties of the 
ceramic substrate. However, it is possible to fully 
stabilize the major component or components of the 
ceramic substrate. 

The ceramic substrate preferably consists of a 5 
first layer (4, 12, 18, 40) and a second layer (8) which 
are formed, for example, by firing respective first and 
second green sheets. The first green sheet has at 
least one opening such as an aperture or cutout for- 
med through its thickness, while the second green 10 
sheet is a planar layer which closes each opening at 
one of its opposite surfaces. With these green sheets 
fired, the laminated first and second layers are formed 
such that at least one recess (6, 14, 20, 24, 42) is for- 
med so as to define the thin-walled portion (8a, 22a) 15 
which serves as an oscillator or transducer portion of 
the ceramic substrate. It is desirable that the second 
green sheet (second layer of the substrate) contain 
SiO or Si0 2 , preferably in an amount of 0.5-5% by 
weight, more preferably 1 -3% by weight. The addition 20 
of the silicon oxide in the specified amount is effective 
to avoid an excessive reaction of the second green 
sheet materia! with the piezoelectric/electrostrictive 
portion formed thereon during the heat-treatment, 
thereby improving the properties of the actuator pro- 25 
duced. 

For improving the operating response and 
increasing the amount of displacement of the 
actuator, the thickness of the second layer (8) of the 
ceramic substrate on which the piezoelectric/electros- 30 
trictive portion is formed is generally not larger than 
50um, preferably not larger than 30um, and more 
preferably not larger than 15^im, while the thickness 
of the first layer (4, 12, 18, 40) is generally at least 
30nm, preferably at least 50um, and more preferably 35 
at least 100p.m. For increased amounts of force and 
displacement of the actuator, the average ceramic 
particle size of the second layer is preferably held 
within a range of 1-2jim, more preferably within a 
range of 0.1-1 um. 40 

While the ceramic substrate (2, 10, 16, 22, 38) 
consisting of the first and second layers may be suit- 
ably formed by firing the laminated green sheets, as 
indicated above, the substrate may be formed by 
other techniques such as press-forming, casting or 45 
injection molding process using a mold, and machin- 
ing process in which a recess or recesses is/are for- 
med in a suitably formed ceramic mass, by a 
ultrasonic machining, cutting or grinding operation. 
However, the green sheet lamination process is desi- 50 
rably used, since the substrate formed by this process 
does not have residual stresses as induced by the 
machining process, and has an accurately controlled 
thickness of the thin-walled portion. Where the green 
sheet lamination process is used, the first and second 55 
green sheets are first superposed one on the other, 
under heat and pressure, and then fired into the inte- 
grated ceramic substrate having the first and second 
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layers corresponding to the two green sheets. 
Although the first and second green sheets do not 
have to have the same thickness, the materials of the 
two green sheets preferably have almost the same 
shrinkage due to firing thereof. 

As indicated above, at least one recess (6, 14, 20, 
42) may be formed in the ceramic substrate, by suit- 
able machining or pressing process such as laser 
machining, ultrasonic machining or punch pressing, in 
place of the green sheet lamination process in which 
the second green sheet is formed with an aperture, 
cutout or other opening, as described above. In par- 
ticular, the punch pressing process using a die and a 
punch is recommended for increased production effi- 
ciency of the substrate, and increased integration 
density of the thin-walled portions of the substrate (of 
the piezoelectric/electrostrictive units). Although the 
above machining or pressing process may be applied 
to a fired mass of a ceramic composition for the sub- 
strate, it is preferably applied to an unfired mass 
(already formed green sheet) of the ceramic compo- 
sition. 

The shape of the ceramic substrate, and the 
shape of the recess(es) formed in the substrate are 
not limited to the rectangular configurations as in the 
illustrated embodiments, and may be suitably mod- 
ified, depending upon specific requirements and/or 
applications of the actuator to be produced. For 
example, the substrate and the recess may have cir- 
cular, elliptical, oval, polygon, and other shapes such 
as a R-square and R-rectangle which have rounded 
corners, and may have a combination of these 
shapes. 

On the ceramic substrate prepared as described 
above, there is formed a piezoelectric/electrostrictive 
portion in the following manner. 

Where the piezoelectric/electrostrictive material 
is prepared in bulk, an unfired or green body for a 
piezoelectric/electrostrictive portion is formed of the 
material by a press forming process using a mold, or 
by a tape forming process using a slurry of the 
piezoelectric/electrostrictive material. The formed 
green body is then superposed on a thin-walled por- 
tion (8a) of an unfired ceramic substrate, under heat 
and pressure, and co-fired with the unfired ceramic 
body. In this case, electrode films or electrode pattern 
must be pre-formed, by a film-forming method des- 
cribed below, on the unfired ceramic substrate or on 
the unfired piezoelectric/electrostrictive body (green 
body) before the unfired bodies are superposed on 
each other. 

In another method, the piezoelectric/electrostric- 
tive green body formed as described above is first 
fired into a sintered body, and this sintered body is 
bonded by an adhesive to the surface of the thin-wal- 
led portion (8a) of the fired and sintered ceramic sub- 
strate. In this case, too, the electrode films or 
electrode pattern must be pre-formed on the unfired 



6 



11 



EP 0 468 796 A1 



12 



bodies for the piezoelectric/electrostrictive portion 
and ceramic substrate. As the adhesive, it is recom- 
mended to use an electrically conductive bonding 
agent. 

The piezoelectric/electrostrictive material is fired 
at a temperature of about 800-1400°C, preferably 
within a range of 1 000-1 400°C. To avoid a change in 
the piezoelectric/electrostrictive composition, it is 
desirable to control the firing atmosphere, by heating 
with the evaporation source of the piezoelectric/elec- 
trostrictive material. 

The piezoelectric/electrostrictive portion may be 
formed by a film-forming process as described below. 

To form the electrode films (26, 30) and the 
piezoelectric/electrostrictive film (28) on the ceramic 
substrate (22), it is possible to select any one of vari- 
ous known methods such as: thick-film forming pro- 
cess such as screen printing; coating process such as 
dipping; thin-film forming process such as ion-beam 
method, sputtering, vacuum vapor deposition, ion 
plating, CVD and plating. However, the other known 
methods may be used. For improved characteristics 
of the actuator produced, the piezoelectric/electros- 
trictive film (28) is desirably formed by the screen 
printing or dipping method or coating process, which 
permits easy formation of a film on the substrate by 
using a paste or slurry whose major component is a 
piezoelectric/electrostrictive powder. The film-form- 
ing process as indicated above permits the piezoelec- 
tric/electrostrictive portion to be formed integrally with 
the ceramic substrate, without using an adhesive 
agent, thereby improving the reliability and reproduci- 
bility of the actuator, and facilitate the integration of 
the piezoelectric/electrostrictive units on the sub- 
strate. In this respect, the film-forming process is 
recommended. Where the electrode and piezoelec- 
tric/electrostrictive pattern (33, 36, 37, 39) is formed 
by this film-forming process, the screen printing or 
photolithography may be used. However, the pattern 
may be formed by removing unnecessary portions of 
the applied piezoelectric material by laser cutting, slic- 
ing or other mechanical machining method. 

The actuator as a whole, and the electrode and 
piezoelectric/electrostrictive films and patterns may 
take any desired configurations depending upon the 
utility of the actuator, such as triangular, rectangular 
and other polygonal shapes, circular, elliptical and 
annular shapes, comb-like or lattice-like configu- 
rations, and any combinations of these shapes. 

The electrode and piezoelectric films and pat- 
terns (26, 28, 29, 30, 33, 36, 37, 39) formed on the 
ceramic substrate by the selected method described 
above may be either heat-treated in different steps for 
integration with the substrate after each of these films 
or patterns is formed, or concurrently heat-treated in 
one step for integration with the substrate after all of 
the films or patterns are formed into a laminar struc- 
ture on the substrate. Where the thin-film forming pro- 



cess is used to form the electrode films or pattern, 
heat-treatment of the electrode films or pattern is not 
necessarily required. 

The above-indicated heat-treatment for inte- 

5 gration of the piezoelectric/electrostrictive portion 
with the ceramic substrate is generally effected at a 
temperature of about 800-1 400°C, preferably within a 
range between 1000°C and 1400°C. To avoid a 
change in the composition of the piezoelectric/elec- 

10 trostrictive material during the heat-treatment pro- 
cess, it is desirable to control the heat-treatment 
atmosphere, by heating with the evaporation source 
of the piezoelectric/electrostrictive material. 

The electrode films (26, 30) and pattern (33, 36) 

15 of the piezoelectric/electrostrictive portion may be for- 
med of any electrically conductive material which can 
withstand oxidizing firing and heat-treatment atmos- 
pheres having a temperature as indicated above. For 
instance, the electrode films or pattern may be formed 

20 of a single metal, an alloy of metals, a mixture of a 
metal or alloy and an electrically insulating ceramic or 
glass, or an electrically conductive ceramic. However, 
it is preferred that the electrode material has a major 
component which consists of a noble metal having a 

25 high melting point, such as platinum, palladium or 
rhodium, or an alloy such as silver-palladium alloy, sil- 
ver-platinum alloy or platinum-palladium alloy. 

The ceramic material to be added to a metal or 
alloy to provide the above-indicated mixture for the 

30 electrode films or pattern is preferably the same as the 
ceramic material for the ceramic substrate or the 
piezoelectric or electrostrictive ceramic material used 
for the piezoelectric/electrostrictive film or pattern. 
Where the ceramic material for the ceramic substrate 

35 is used as an additive to the material for the electrode 
films or pattern, the content of the ceramic additive is 
preferably within a range of about 5-30% by volume. 
Where the piezoelectric or electrostrictive ceramic 
material is used as the additive, the content of the 

40 piezoelectric or electrostrictive ceramic additive is 
preferably within a range of about 5-20% by volume. 
It is particularly desirable to use a mixture of the 
ceramic material for the substrate and the ceramic 
material for the piezoelectric film or pattern, as a 

45 ceramic additive to be added to the material for the 
electrode films or pattern. 

The electrode material as indicated above is 
advantageously used, where the electrode material is 
heat-treated with the piezoelectric/electrostrictive 

so material or ceramic substrate material, or where the 
electrode material is exposed to a heat-treatment 
atmosphere for the piezoelectric/electrostrictive ma- 
terial. Where the electrode material is prepared in 
bulk, gold and silver may also be used for the elec- 

55 trodes if the electrodes are heat-treated indepen- 
dently of the other elements, or for the second 
electrode film (30). 

While the thickness of the electrode films and pat- 
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tern is suitably selected depending upon the appli- 
cation of the actuator, the electrode films (26, 30) 
used for the transverse-effect type piezoelectric/el ec- 
trostrictive unit or units of Figs. 11, 13, 14 and 16 are 
formed with a thickness not larger than 15|im, prefer- 
ably not larger than 5nm. The electrode pattern (33, 
36) used for the longitudinal-effect type piezoelec- 
tric/electrostrictive unit of Figs. 12, 14 and 15 are for- 
med with a thickness of at least 3j*m, preferably at 
least 10|^m, more preferably at least 20\im. 

The piezoelectric/electrostrictive films or pattern 
(28, 29, 37, 39) may be formed of any piezoelectric or 
electrostrictive material which produces a relatively 
large amount of strain or displacement due to the con- 
verse or reverse piezoelectric effect or the electros- 
trictive effect. The piezoelectric or electrostrictive 
material may be either a crystalline material or an 
amorphous material, and may be a semi-conductor 
material or a dielectric or ferroelectric ceramic ma- 
terial. Further, the piezoelectric or electrostrictive ma- 
terial may either require a treatment for initial 
polarization or poling, or may not require such a pol- 
arization treatment. 

However, the piezoelectric/electrostrictive film or 
pattern preferably has a composition whose major 
component is lead zirconium titanate (PZT), lead 
magnesium niobate (PMN), lead nickel niobate 
(PNN), lead zinc niobate, lead manganese niobate, 
lead antimony stannate, lead titanate, barium titanate, 
or a mixture thereof. Further, a material (such as 
PLZT) containing an oxide or compound of lanthanum 
(La), barium (Ba), niobium (Nb), zinc (Zn), nickel (Ni) 
and/or manganese (Mn) may be added to the 
piezoelectric or electrostrictive composition whose 
major component consists of PZT. 

In view of the construction of the piezoelec- 
tric/electrostrictive actuator according to the present 
invention, the piezoelectric constant I d 31 1 of the 
piezoelectric/electrostrictive material used is prefer- 
ably at least 50 x 10 12 [C/N], more preferably at least 
100 x 10 12 [C/N], or the piezoelectric constant Id^l 
is preferably at least 1 00 x 1 0 12 [C/N], more preferably 
200 x 10 12 [C/N], for assuring excellent operating 
characteristics of the actuator. 

The piezoelectric/electrostrictive portion has a 
thickness not larger than 100|im, preferably not larger 
than 50|im, more preferably not larger than 30nm. 

While the present invention has been described 
in its presently preferred embodiments with a certain 
degree of particularity, it is to be understood that the 
invention is not limited to the details of the illustrated 
embodiments, but may be embodied with various 
changes, modifications and improvements, which 
may occur to those skilled in the art. 



Claims 

1. A piezoelectric/electrostrictive actuator including 
a ceramic substrate (2, 10, 16, 22, 38) and a 
5 piezoelectric/electrostrictive portion (26, 28, 29, 

30, 33a, 33b, 36a, 36b, 37, 39), characterised in 
that: 

said ceramic substrate has at least one 
recess (6, 14, 20, 24, 42) having a bottom surface 
10 which defines a thin-walled portion (8a, 22a), said 

piezoelectric/electrostrictive portion being for- 
med on said thin-walled portion of said ceramic 
substrate. 

15 2. A piezoelectric/electrostrictive actuator accord- 
ing to claim 1, characterised in that said ceramic 
substrate includes a first layer (4, 12, 18, 40) hav- 
ing at least one opening (6, 14, 20, 42) formed 
through a thickness thereof, and a second layer 

20 (8) which is superposed on said first layer and 

cooperates with said at least one opening to 
define said thin-walled portion (8a, 22a). 

3. A piezoelectric/electrostrictive actuator accord- 
25 ing to claim 1 or 2, characterised in that said 

piezoelectric/electrostrictive portion includes a 
plurality of films (26, 28, 30) laminated on each 
other. 

30 4. A piezoelectric/electrostrictive actuator accord- 
ing to claim 3, characterised in that said plurality 
of films of said piezoelectric/electrostrictive por- 
tion consists of two electrode films (26, 30), and 
a piezoelectric/electrostrictive film (28) inter- 

35 posed between said two electrode films. 

5. A piezoelectric/electrostrictive actuator accord- 
ing to claim 1 or 2, characterised in that said 
piezoelectric/electrostrictive portion includes a 

40 pattern of electrode strips (33, 36a, 36b) and a 

pattern of piezoelectric/electrostrictive strips (37, 
39) which are formed such that the electrode 
strips and the piezoelectric/electrostrictive strips 
are alternately disposed. 

45 

6. A piezoelectric/electrostrictive actuator accord- 
ing to any one of claims 1-5, characterised in that 
said piezoelectric/electrostrictive portion consists 
of a plurality of piezoelectric/electrostrictive units 

so (26, 28, 30) which are formed on said ceramic 

substrate (22), such that said units are spaced 
from each other in a direction parallel to opposite 
major surfaces of said substrate. 

55 7. A piezoelectric/electrostrictive actuator accord- 
ing to anyone of claims 1-5, characterised in that 
said piezoelectric/electrostrictive portion consists 
of a plurality of piezoelectric/electrostrictive units 
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(26, 28, 30, 32, 37) which are formed on said 
ceramic substrate such that said units are super- 
posed on each other. 

8. A piezoelectric/electrostrictive actuator accord- 
ing to any one of claims 1-7, characterised in that 
said ceramic substrate includes at least one 
major component selected from the group con- 
sisting of aluminum oxide, magnesium oxide, zir- 
conium oxide, aluminum nitride and silicon 
nitride. 



14. A method according to claim 12 or 13, charac- 
terized in that said ceramic substrate is formed of 
a zirconium oxide stabilized by at least one com- 
pound selected from the group consisting of 
5 yttrium oxide, ytterbium oxide, cerium oxide, cal- 

cium oxide and magnesium oxide. 



9. A piezoelectric/electrostrictive actuator accord- 
ing to any one of claims 1-8, characterised in that 
said ceramic substrate includes as a major com- 15 
ponent a zirconium oxide stabilized by at least 

one compound selected from the group consist- 
ing of yttrium oxide, ytterbium oxide, cerium 
oxide, calcium oxide and magnesium oxide. 

20 

10. A piezoelectric/electrostrictive actuator accord- 
ing to any one of claims 1-9, characterised in that 
said thin-walled portion ( 8a) of said ceramic sub- 
strate has a thickness not larger than 50>m. 

25 

11. A piezoelectric/electrostrictive actuator accord- 
ing to any one of claims 1-10, characterised in 
that said piezoelectric/electrostrictive portion has 
a thickness not larger than 100^im. 

30 

12. A method of producing a piezoelectric/electros- 
trictive actuator including a ceramic substrate (2, 
10, 16, 22, 38) and a piezoelectric/electrostrictive 
portion (26, 28, 29, 30, 33a, 33b, 36a, 36b, 37, 

39), comprising the steps of: 35 

superposing on each other a first and a 
second green sheet which give, by firing thereof, 
a first layer (4, 12, 18, 40) and a second layer (8) 
of said ceramic substrate, respectively, said first 
green sheet having at least one opening (6, 14, 40 
20, 42) formed through a thickness thereof; 

firing said first and second green sheets to 
form said ceramic substrate such that said sec- 
ond layer cooperates with said at least one open- 
ing in said first layer to define at least one recess 45 
(6, 14, 20, 24, 42) which has a bottom surface 
defining a thin-walled portion (8a, 22a) of said 
ceramic substrate; and 

forming said piezoelectric/electrostrictive 
portion on said thin-walled portion of said ceramic so 
substrate. 



13. A method according to claim 12, characterised in 
that said first and second green sheets include at 
least one major component selected from the 55 
group consisting of aluminum oxide, magnesium 
oxide, zirconium oxide, aluminum nitride and sili- 
con nitride. 
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